Since dual-motor driven electric vehicles (DDEVs) can achieve independent and accurate control of the wheel torque, this paper proposes a hierarchical yaw stability control strategy based on model predictive control (MPC) for DDEVs to improve the performance of vehicle yaw stability.
Introduction
With the increasing challenges of energy reserves and environmental degradation, countries have begun to develop electric vehicles (EVs). The dual-motor driven electric vehicle is a significant direction in EVs, and an ideal carrier for researching control strategy because of the ability to control the wheel torque continuously and accurately [1] . As the lack of coupling of mechanical components, the dual-motor driven electric vehicles with independent in-wheel motors pose a challenge for torque distribution in complex conditions.
In recent years, research focused on this area, such as active front-wheel steering (AFS), direct yaw-moment control (DYC) and the combination of them through differential braking. Zhao presented a brake-by-wire system with the uses of differential brake torque for lateral control and yaw stability control [2] . Sun applied nonsmooth control technique to construct the controller so that the desired sideslip angle and yaw rate can be well tracked [3] . However, they were acceptable only for dry road condition with a relatively high adhesion ratio. Chen proposed a three-level control strategy of electronic stability control, which combined the lateral and longitudinal stability control [4] . Bin proposed a hierarchical control framework to improve the safety while save the tire slip energy (i.e. reduce the tire wear), which includes a linear quadratic regulator (LQR) in the outer layer and a holistic corner controller (HCC) in the inner layer [5] . Comprehensively, hierarchical strategy can have better control performance in complex conditions. LI proposes a vehicle stability control approach based on time-varying model predictive control which considering piecewise linearization of tire lateral forces [6] . However, few strategies considered piecewise linearization of tire longitudinal forces to optimize the control performance. This paper presents a hierarchical controller to improve the performance of yaw stability based on hMPC. In Section 2, a two-degree-of-freedom (2-DOF) dynamic model of dual-motor driven electric vehicle is established for reference. In Section 3, a hierarchical control strategy is designed to distribute the acceptable optimal torque of each wheel. Section 4 presents the performance of proposed strategy based on Matlab.
Reference Model
The ideal driving state of vehicle is when the driver is familiar with the vehicle motion characteristics. Generally, in the steady state, the tire force is linearly related to steering wheel angle, but when the car enters an uncontrollable dangerous condition, the tire characteristics goes into a non-linear phase. Thus, the reference model to give out the desired state responses (yaw rate and slip angle) is a well-known two-degree-offreedom (2DOF) bicycle model [7] , which has a linear The dynamic equations can be expressed as follows:
where is the vehicle mass, is the sideslip angle of CG, is the vehicle yaw rate, and , are longitudinal distances between the CG and the front-axle or rearaxle, is the steering angle of front wheels, Δ is additional vehicle yaw moment.
Based on the 2DOF model, steady-state desired sideslip angle and yaw rate can be derived. The yaw rate and the sideslip angel can be simplified as follows [8] :
is the distance between axles.
Control Strategy
The structure of the yaw stability control system proposed in this paper is shown in Figure 2 . The deviation between the desired state and the actual state given by the seven-degree-of-freedom (7DOF) vehicle model inputs MPC controller and the additional yaw moment and active steering angle would be calculated. The output yaw moment is converted into the motor torque of each wheel by the torque distribution controller based on hMPC to control the vehicle. 
MPC Upper Layer Controller
In order to improve handing and stability of the EVs, the upper layer uses MPC strategy to stabilize the vehicle in extreme (emergency) situations due to nonlinear characteristics of vehicle dynamics and tire forces. MPC mainly includes predictive model and rolling time domain solution Yaw moment control relies on a 2DOF predictive model [9] . Lateral dynamic model with AFS and directed yaw-moment control (DYC) can be expressed as (1) .
Equations (1) can be discretized as follows:
Where is the sampling time. A discretized incremental state space model can be expressed as follows:
When the vehicle is running, the actual sideslip angle β and the yaw rate γ are required to follow the desired sideslip angle β and the yaw rate γ . At the same time, in order to reduce the frequent operation of the driver and ensure that the vehicle can smoothly turn and drive/brake, the front wheel steering angle Δδ and torque variations of two wheels ΔT , ΔT are required to be minimized in the cost function. The following cost function is adopted:
Where the first term represents the ability of the predicted output to follow the reference trajectory, the second term is used to constrain the control increment, r(k + 1) is the reference model output state in the prediction time domain, and τ is the weight matrix of state, τ is the weight matrix of incremental control variable.
Torque Distribution
An optimal longitudinal force and yaw moment distributions generated by the lower layer controller are employed for optimal torque allocation. The lower layer controller is developed based on hMPC.
The tire rotational dynamics can be expressed as:
where ω is the rotational speed of the wheel; r is the rolling radius; I is the rotational inertia of the wheel;
is the longitudinal tire force; T is the motor torque.
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Due to the nonlinear characteristic of tire longitudinal force, considering a positive slip ratio, tire longitudinal force can be piecewise linearized as: xj ij j i j =k s +n F (7) where j = l, r, represent the left and right wheels; i = 1,2,3,4; s is slip rate, s = ( ) . Piecewise linearization and experimental data are shown in Figure 3 . The linearization method proposed in this paper can well reflect the nonlinear characteristics of tire longitudinal force. When the slip ratio is negative, the graph is symmetrical. 
With the change of the slip rate of wheels, the value of k is variable, so the system becomes a hybrid system, using the hybrid-MPC (hMPC) method. As shown in Figure 3 , tire longitudinal force is divided into 7 regions. Respectively, the discrete-time hybrid vehicle model described in (8) has 49 modes in total.
To deal with the switching points between different regions, a binary variable vϵ{0,1} is defined [10] . Thus, the discrete-time system can be expressed as follows:
The predictive model of a hMPC controller is a hybrid system described in (8) . The object of the hMPC controller is to obtain the desired torque distribution by tracking the reference value of yaw moment under constrains. The reference value of yaw moment can be calculated by upper layer controller. In addition, some constraints should be taken into account. To ensure that the vehicle remains stable, the states should be limited in a certain range. To make the states vector stay in the convergence region of system, the constraints of states can be described as follows:
The cost function of the hMPC controller is to stabilize the DDEV effectively, i.e., keep the yaw moment as close as possible to its reference value. Hence, the cost function is defined as the sum of the 2-norm case of the matrix which reflects the distance between the outputs and their corresponding reference values.
The control problem at the k-th sampling time is shown in the follow: 
x is the state at the k-th sampling time, f χ is the controller terminal set. Q is the weight matrix of output.
Results and Discussion
The proposed control strategy is evaluated in Matlab/Simulink. This paper presents a constant longitudinal velocity 15 m/s with a sine steering input. The parameters of DDEV are presented in Table 1 . In the proposed hMPC controller, the sampling time, the control horizon N and prediction horizon P are set to T = 5 ， = = 3. As shown in Figure 4 , the reference yaw rate can be well tracked. The actual yaw rate is stabled within 0.4 rad/s. It's can be seen that the yaw stability controller
Longitutional Force(N)
Copyright © by ICEEE can stabilize the vehicle effectively and track the desired yaw rate quickly and precisely. Figure 5 indicates the optimal control variables in upper layer controller, the active steering angle and the additional yaw moment generated by differential torque. When the steering angle starts to change, the active steering angle and the additional yaw moment can react quickly to stabilize the vehicle.
In Figure 6 , TR and TL represent the additional torque applied to the left and right driving wheels. When there is no steering input, the additional torque is 0. When the steering angle changes, in order to track the additional yaw moment of the upper controller, the corresponding torque is generated in the two driving wheels to maintain the stability of the vehicle. 
Conclusions
In this paper, a hierarchical yaw stability control strategy is presented to control the lateral stability of dual-motor driven electric vehicles. It consists of an MPC upper layer controller and a hMPC controller for torque distribution. In the shift lane test, the control strategy is applied to the established vehicle model. Results show that the proposed strategy has an appropriate performance on vehicle yaw stability by controlling the wheels torque and the active steering angle.
